Femtosecond optical pump-probe spectroscopy is used to reveal the influence of charge and magnetic order on polaron dynamics and coherent acoustic phonon oscillations in single crystals of charge-ordered, ferrimagnetic LuFe 2 O 4 . We experimentally observed the influence of magnetic order on polaron dynamics. We also observed a correlation between charge order and the amplitude of the acoustic phonon oscillations, due to photoinduced changes in the lattice constant that originate from the photoexcited electrons. This provides insight into the general behavior of coherent acoustic phonon oscillations in charge-ordered materials. V C 2015 AIP Publishing LLC.
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Multiferroic materials have attracted much recent attention due to the strong coupling between their electric and magnetic degrees of freedom, which is interesting from a fundamental perspective as well as for potential applications in magnetoelectric and magneto-optical devices. Multiferroics simultaneously possesses spontaneous electric and magnetic order, which can be switched by the corresponding applied electric and magnetic fields, respectively. However, the simultaneous presence of electric and magnetic polarization alone does not necessitate strong coupling between these two properties, since they derive from two different broken symmetries (magnetism from breaking time reversal symmetry and ferroelectricity (FE) from breaking spatial inversion symmetry 1 ). Microscopically, magnetism in multiferroics originates from partially filled d or f shells in localized atoms, but ferroelectricity can originate from several different mechanisms (such as lattice distortions, lone pairs, spin spirals, and charge ordering (CO)). 2 The prototypical charge-ordered multiferroic LuFe 2 O 4 has recently attracted much attention due to its extensive dielectric tunability and potential for magnetoelectric (ME) coupling near room temperature, 3, 4 making it promising for various applications in magnetically controlled ferroelectric devices 3 and electrically controlled magnetic memory and sensing devices. 2 For example, LuFe 2 O 4 has already been used as a novel multiferroic substrate for tuning the surfaceenhanced Raman scattering response in Au nanostructures. 5 The unit cell of LuFe 2 O 4 consists of three Fe 2 O 4 bilayers (known as W layers 6 ) with single Lu 2 O 3 layers sandwiched between different bilayers, as shown in Figure 1(a) . Initial studies revealed bulk ferroelectric order below the charge ordering temperature, T CO $ 320 K, resulting in a spontaneous electric polarization that further increased upon the appearance of ferrimagnetic spin order below the Neel temperature, T N $ 240 K. 3 Ferroelectricity in each bilayer is thus believed due to CO, although the orientation of the FE polarization between adjacent bilayers (Figure 1(b) ) (and thus the existence of a macroscopic FE polarization 3 ) is still controversial, 7 as experimental evidence for an antiferroelectric ground state has also been observed. 8 [11] [12] [13] ) after degenerately pumping the same transition energy. We observe a fast relaxation component attributed to polaron dynamics that is influenced by the development of spin order, as well as a slower oscillating component that substantially changes across the CO transition. We show that these oscillations are due to the generation of coherent acoustic phonons through the electronic deformation potential, driven by photoinduced changes in the electron temperature. Our study thus further demonstrates that ultrafast optical pump-probe spectroscopy can reveal changes in material properties across a charge-ordering transition through their influence on acoustic phonon oscillations, which underlines the importance of this technique for providing insight into the exotic properties of strongly correlated materials. 14, 15 Finally, our results shed light on the interplay between the lattice, magnetic, and electronic degrees of freedom in LuFe 2 O 4 and the ultimate speed limitations when using it in various applications.
Our femtosecond optical pump-probe spectroscopy system is based on a 75 fs, 250 kHz repetition rate amplified Ti:sapphire laser system operating at 800 nm (1.55 eV), and seeding an optical parametric amplifier (OPA) that allows us to tune the photon energy to 1.1 eV. 12 Temperaturedependent transient reflectivity changes were obtained in reflection with cross-polarized pump and probe beams at a >10:1 power ratio. The pump beam was incident parallel to the surface normal (which is parallel to the c-axis of the crystal) and the probe beam was incident at an angle of <10 to normal. A delay line enables us to vary the optical path difference between the pump and probe beams, which are then focused to the same spot on the sample with beam diameters of 200 and 100 lm, respectively. The amplitude of the DR/R signal changes linearly with pump fluence over the range examined here ($13-115 lJ/cm 2 ). The pump fluence for the data discussed in the remainder of the paper was 76 lJ/cm 2 (photoexciting $0.007 electrons/unit cell), which transiently increased the sample temperature by $10 K throughout the measured temperature range (calculated using the heat capacity in Ref. 16 ). This should not significantly affect the measured dynamics, as the sample completely recovers in the 4 ls time interval between amplifier pulses. The LuFe 2 O 4 single crystal used in this study was grown by the floating zone method, described in more detail in Ref. 17 . Figure 2 (a) shows the temporal profile of the normalized photoinduced reflectivity change, DR/R(t), in LuFe 2 O 4 at several different temperatures for a degenerate 1.1 eV pumpprobe measurement. Following photoexcitation, DR/R decreases to its minimum value within Շ0.5 ps (Fig. 2(b) ) after which it recovers on both fast and slow timescales, clearly exhibiting strong oscillations while returning to equilibrium. The DR/R trace can be fitted with a standard equation incorporating two exponentially decaying terms, 18 which allows us to obtain the fast (s fast ) and slow (s slow ) decay time constants and also separately extract the oscillatory component, as discussed in more detail below.
In many strongly correlated electron systems, the fast component of the photoinduced reflectivity change is believed due to the photoexcitation and rapid re-trapping of electrons into polaronic states. 19, 20 This is also expected to be the case for LuFe 2 ), as shown in the inset of Fig. 1 . 21 When the sample is photoexcited at 1.1 eV, a polaronic carrier in an e 00 level on a Fe 2þ site in one layer can hop to an e 00 state on the nearest Fe 3þ site in the adjacent layer. This change in the charge state of the Fe 2þ and Fe 3þ ions then initiates the motion of the surrounding negatively charged oxygen atoms (as the Coulomb interaction causes them to change their position relative to the Fe ions, depending on the amount of charge on a given Fe ion), which then re-trap the electron into a polaronic state. dynamics in this system. The magnitude of the minimum amplitude of fast decay component also rapidly changes in the vicinity of T N , consistent with the rapid onset of spin ordering in this material (Figure 2(c) , blue curve).
One possible explanation for the observed fast dynamics is the intrinsic spatial inhomogeneity that develops near T N through the formation of oppositely oriented clusters of spins. 22 At low temperatures (T < T N ), charge and spin order would prevent an electron photoexcited from a Fe 3þ site in the bottom layer to a Fe 2þ site in the top layer from hopping to any other nearest neighbour sites (see, e.g., Fig. 3 in Ref.
12). However, as T increases towards T N , a photoexcited electron could cross into an oppositely oriented spin cluster and hop to additional sites, effectively increasing its lifetime. Furthermore, the size of these clusters, given by the magnetic correlation length, should peak at T N , 23 qualitatively agreeing with the temperature dependence of the fast time constant in Fig. 2(c) . The influence of AFM order on polaron trapping could also affect the observed sub-picosecond relaxation. 24 Finally, we note that charge order could also influence polaron dynamics, which may be the origin of the small plateau in the fast decay time constant above 320 K; however, we did not take enough data points in this range to draw any definitive conclusions. The investigation of these and other possibilities for explaining the sub-picosecond dynamics will be the subject of future work; for the remainder of this paper, we will focus on analyzing the observed oscillations in the DR/R signal to gain more insight into the physics of LuFe 2 O 4 . Figure 3( 25 we will not discuss this decay process further here. The observed oscillations are typically attributed to coherent acoustic phonons, which can be manifested as propagating strain waves, generated through the dynamic stress induced by absorption of the femtosecond laser pulses within the penetration depth. 26 These strain waves have often been observed in ultrafast optical experiments on correlated electron materials [27] [28] [29] and semiconductors, 30, 31 with an oscillation period that depends on the probe wavelength, given by
where k, n, and V s are the probe wavelength, refractive index (n % 2 (Ref. 11)), and c-axis sound velocity, respectively, [27] [28] [29] [30] [31] and the measured oscillation period s p $ 48 ps. In our experiments, doubling the probe photon energy caused the oscillation frequency to double, supporting coherent acoustic phonon generation as the origin of the oscillations. 26 The measured oscillation frequency of 20.8 GHz only minimally depends on temperature, as does the refractive index, 11 allowing us to find that V s ¼ 5.88 Â 10 5 cm/s over a broad temperature range, comparable to that measured in manganites. 32 Figure 3(a) reveals that the oscillations are damped with a time constant of s d $ 70 ps (obtained from the curve fit) that only weakly depends on temperature. This is primarily due to the finite penetration depth of the probe light (l p $ 0.82 lm at 1.1 eV). 26, 27, 31 Essentially, the strain wave is generated near the surface, after which it propagates into the material at a speed of V s , causing the signals shown in Figure  3 (a) to decay over a distance of l d $ 0.4 lm (calculated from s d and V s ). This is comparable to half of the light penetration depth (0.41 lm), allowing us to conclude that the damping of the oscillation originates from absorption of our 1.1 eV probe pulses.
The temperature dependence of the oscillation amplitude is plotted in Figure 3(b) , showing that the slope gets steeper near and above T CO . This is somewhat unexpected given that the penetration depth in LuFe 2 O 4 at 1.1 eV does not change significantly with temperature, 11 and we used the same pump fluence over the full measured temperature range. More insight can be obtained by considering the possibility that the strain wave is generated by photoinduced changes in the c-axis lattice constant, l C . 29 This can be described by the equation
where Dl C , DT e and DT p are the photoinduced change in the lattice constant and the electron and phonon temperatures, respectively. 26 We start by considering the first term, which describes a photoinduced modification of the lattice constant through a transient increase in the phonon temperature. This occurs through the relaxation of photoexcited carriers to the band minima through incoherent scattering with phonons and can be approximated by Dl C $ jdl C (T)/dTjDQ/C(T), where DQ and C(T) are the energy from the pump beam and the specific heat of LuFe 2 O 4 , respectively. 29 This expression can then be used to estimate the change in l C from increasing the phonon temperature. As shown in Ref. 33 , l C does not change significantly with temperature (from 25.26 Å at low temperatures (T ( T CO ) to 25.23 Å at high temperatures (T > T CO )), giving dl C (T)/dT $ 2.2 Â 10 À4 Å /T. Furthermore, as mentioned above, the photoinduced temperature increase for the pump fluence used here is $10 K, resulting in a rather small phonon-induced change in the lattice constant (e.g., . 16)) ). The blue solid line in Figure 3(b) shows the change in lattice constant in LuFe 2 O 4 calculated using this expression, revealing a large discrepancy between our data and the fitted values. Most notably, for T > T CO the measured oscillation amplitude continues to increase, but the calculated values peak near T CO and decrease at higher temperatures (as in Ref. 29) . It is therefore difficult to explain the increase in oscillation amplitude near T CO through changes in l C that are induced solely by transient increases in the phonon temperature.
One can instead consider changes in l C due to heating electrons; i.e., energy transfer to the electronic subsystem, which has a relatively small heat capacity, 34 from femtosecond photoexcitation could result in a large temperature change within the first few hundred femtoseconds. In fact, our 1.1 eV photoexcitation would result in an initial carrier (electrons plus holes) temperature of a few thousand Kelvin. This would then directly modify the lattice constant of each unit cell via the deformation potential 26 (Eq. (2)), launching an initially coherent lattice constant change as all $324 unit cells (along the c-axis) photoexcited by the pump pulse (calculated from l p $ 0.82 lm) expand or contract in phase with one another; we note that the magnitude of the photoinduced lattice expansion per unit cell will decrease with increasing depth, due to absorption of the pump pulse. This excitation is clearly delocalized in space and therefore will initially generate coherent phonons with momentum close to k $ 0. If the time resolution is high enough, then both k $ 0 coherent optical 14 and acoustic phonons [27] [28] [29] can be detected. However, we were unable to detect any coherent optical phonons, due to our relatively low time resolution ($75 fs) and their frequencies of several terahertz. The actual oscillation shown in the data is thus likely to be due to k $ 0 coherent acoustic phonons generated by the hot electron population.
The amplitude of these coherent acoustic phonon oscillations (Figure 3(a) ) will thus depend on the magnitude of the change in lattice constant induced by photoexcited electrons. This can be understood by using a simple diatomic onedimensional lattice structure, supporting one coherent longitudinal acoustic phonon mode, to model the arrangement of LuFe 2 O 4 bilayers along the c axis (whether they are arranged in a ferroelectric or antiferroelectric manner) (Figure 3(c) ). 35 As described above, the 1.1 eV pump photons will be absorbed by the shorter bonds, since 1.1 eV corresponds to an excitation from the bottom to the top layer. Above T CO , when there is no charge order, this corresponds to a transition between bonding and anti-bonding orbitals, which will increase the lattice spacing. To elucidate this point in more detail, we consider a simple two-ion system with only one electronic energy level on each site, as described by Eq. (3) in Ref. 13 ,
where e i is the atomic energy at site i (i ¼ 1,2) and t is a matrix element accounting for the hopping between the two sites. Above T CO , in a symmetric two site tight-binding model, the molecular orbitals will have bonding and anti-bonding states. 36 Since the two atomic sites are identical, e 1 ¼ e 2 , and the energy for transitions between the bonding and anti-bonding states is proportional to t. One can then approximate the dependence of the hopping matrix element t on the bond length r using t $ exp(Àr). 37 This expression shows that the energy decreases rapidly with increasing r, providing a strong incentive for the system to increase the bond length above T CO .
In contrast, below T CO the excitation is due to interlayer charge transfer from Fe 2þ to Fe 3þ ions, which will not induce as large a lattice expansion as at higher T (T > T CO ). This can be seen by considering that the sites are not identical below T CO ; therefore, since je 2 À e 1 j ) t, the excited state eigenvalue is approximately e 2 (when e 2 > e 1 ), which is approximately independent of t and thus of r. There is thus little energetic benefit to reduce the bond length in this temperature range. Overall, these considerations could explain the observed stronger oscillations at high temperature. Finally, we note that the relatively gradual variation in the oscillation amplitude across T CO is consistent with the trends observed in other measurements (e.g., the specific heat 16 and lattice constant 33 ). This may be due to the fact that short-range charge order can be maintained in each bilayer well above T CO . 9 More generally, similar trends have been observed using femtosecond spectroscopy to study other charge-ordered materials, such as La 0.5 Ca 0.5 MnO 3 and La 1/4 Pr 3/8 Ca 3/8 MnO 3 , although changes in the phonon temperature were only considered on longer time scales. 28, 29 These systems also show a strong decrease in the amplitude of acoustic phonon oscillations as the temperature is reduced below T CO , with a corresponding increase in the amplitude of optical phonon oscillations. This could also be explained in a similar manner to LuFe 2 O 4 , as the lattice constant can also change through electronic transitions for T > T CO in those manganites, thus decreasing the measured acoustic phonon oscillation amplitude as the temperature is varied below T CO .
In conclusion, we used ultrafast optical spectroscopy to examine polaron and acoustic phonon dynamics in LuFe 2 O 4 . We observe a sub-picosecond relaxation that corresponds to the photoexcitation and redressing of lattice polarons, along with coherent acoustic phonon oscillations that show a strong amplitude change across T CO . This can be associated with a simultaneous change in the lattice constant induced by changes in the electron temperature, which strongly influences the amplitude of the coherent acoustic phonon oscillations. Our study thus provides further evidence that ultrafast optical pump-probe spectroscopy is an important technique for investigating the unique properties of strongly correlated materials and can provide insight relevant to future applications.
